Lead (II) sulfide (PbS) were synthesized by sonochemical method and crystals with cubic structure exhibit aggregated nanoparticles with size in the range of 50-100 nm. Commercial Poly(methyl methacrylate) (PMMA) containing the PbS nanoparticles (PbS-NP) exposed to gamma irradiation were investigated and both the viscosity-average molar mass (M v ) and degradation index (DI) values were measured. Ours results showed decreases in molar mass when the systems were gamma irradiated, i. e., random scission effects that take place in the main chain. On the other hand, DI results showed that the addition of PbS-NP at 0.3 wt% into the PMMA matrix decreased 100% the number of main chain scissions. Results about the free radical scavenger action of the PbS-NP were obtained by use of 2,2-diphenyl-1-(2,4,6-trinitrophenyl)-hydrazyl radical (DPPH) and are discussed in this study. Analysis of infrared spectra, refraction index, mechanical, and thermal properties showed influence of the PbS-NP in the physical behavior of PMMA.
Introduction
In recent years, there has been considerable interest in nanoscale chalcogenides due to their remarkable properties and promising application prospects 1 . Among these materials, lead (II) sulfide (PbS) has attracted much attention for its well-known narrow band gap semiconducting features. PbS is chosen for this work because it is commercially available and can also be synthesized easily. A variety of chemical and physical methods were developed to prepare PbS. Among these methods are: gas-phase synthesis 2 , from the melt, by Bridgman method or gamma irradiation 3, 4 , micelles or monolayer surfaces 5, 6 , and in aqueous solvents 7 . In addition, template-mediated growth techniques have also been reported to synthesize sulfides nanoparticles in the presence of polymer materials 8 . However, most of the methods have limitation in practice, especially when using noxious compounds, such as H 2 S.
Currently, sonochemical processing has been proven to be an useful technique for generating novel materials with unusual properties. Sonochemical reactions arise from acoustic cavitation phenomenon: the formation, growth, and implosive collapse of bubbles in a liquid medium. This collapse generates a localized hotspot, which has temperatures of about 5000 °C, and very high pressures 9 . A plethora of materials have been synthesized using such extreme conditions, some of them exhibiting improved characteristics 10 .
Inorganic-polymer materials have attracted considerable attention in recent years due to their new physical and chemical properties. This material can have specialized properties that cannot be found in their respective single phase and enhanced electrical, mechanical and optical properties have been reported. For example, the PbS nanoparticles can be embedded in polymer matrix to form high refractive index nanocomposite 11 . In this study, the refractive index of PbSgelation system increases from 1.5 to 2.5 with increasing PbS ratio.
On the other hand, radiation resistance of polymeric materials attracts significant interest due to the numerous applications of polymers when radiation exposure is a concern. Radiation resistance of polymers depends on the extent of molecular changes due to the irradiation. In particular, Poly (methyl methacrylate) (PMMA) is commonly used to determine the effects of various additives on polymer radiation stability. The PMMA is produced and formed in rigid bodies showing excellent transparency, good mechanical properties and high resistance to weathering 12 . This polymer is also used in manufacturing of radio-sterilizable medical supplies 13 or in dosimeters for intense radiation fields
14
, and the behavior of this polymer under radiation has been extensively studied 12, 14 , including ours previous studies 15 . PMMA is known to undergo main chain scission when exposed to ionizing radiation. In general, polymer radicals are responsible for changes in physical properties of PMMA 16 . In particular, gamma irradiation of PMMA, causes main chain scission and hydrogen abstraction from an alpha-methyl or methylene 12, 13, 14 .
In the present investigation, we report the synthesis of PbS nanoparticles (PbS-NP) by sonochemical route from solution containing lead (II) acetate as metal source and thioacetamide as sulfur source. Films of PMMA/PbS-NP were exposed to gamma irradiation and the effects of inorganic nanoparticles on the viscosity average molar mass (M v ) of gamma irradiated PMMA were studied. Modifications in PMMA structure upon the addition of PbS-NP were analyzed by infrared spectrometry. In addition, free radical scavenging action of PbS-NP, optical, mechanical and thermal properties of PMMA/PbS-NP films were also discussed. Our findings suggest that PbS-NP is suitable additive for improving the properties of PMMA with radiation resistance applications.
Experimental

Synthesis and characterization of PbS-NP
All the reagents used in our experiments were of analytical grade. Lead (II) acetate (Pb(CH 3 COO) 2 ) and thioacetamide (CH 3 CSNH 2 ) (VETEC  , Brazil), absolute ethanol and acetone (DINAMICA  , Brazil) were used without further purification. Methyl-ethyl-ketone (MEK) was dried with Na 2 SO 4 and purified by distillation to prior use.
In a typical procedure, 0.45 g of Pb(CH 3 COO) 2 and 0.8 g of CH 3 CSNH 2 were dissolved in 50 mL of absolute ethanol in a 100 mL becker. Then the mixture solution was exposed to ultrasound irradiation in air for 0.5 h with a high-intensity ultrasonic probe (Sonic, 20 kHz, 500 W) immersed directly into the reaction solution. After this time, the sample was cooled down at room temperature and the black precipitate of PbS-NP was separated by centrifugation, washed successively with absolute ethanol, distilled water, acetone, and then dried in a desiccator at room temperature for 24 h. The final product was characterized by Scanning Electron Microscopy (SEM, JEOL JSM-5900) and X-ray powder diffraction (DRX) on a Siemens D5000 Diffractometer equipped with graphite monochromatic CuKα radiation (λ=1.5418Ǻ) using a scanning rate of 0.02 deg/s in the 2θ range from 10° to 70°.
Preparation of PMMA/ PbS-NP films
Commercial PMMA (Resarbrás, Brazil) was used to prepare PMMA-control and PMMA/PbS-NP films by solventcasting from MEK solvent and slow evaporation in air at room temperature (≈ 27 °C). According to manufacturer information the PMMA has 0.1wt% of processing additives and was obtained by free radical polymerization (suspension). The concentrations of PbS-NP used in this study were 0.15; 0.30; 0.45 and 0.60 wt%.
Viscosity measurements
The viscosity measurements of PMMA-control and PMMA/PbS-NP films were carried out in MEK solution at 25.0 ± 0.1 °C using an Ostwald viscometer in a thermostatic bath. The intrinsic viscosity of the samples was calculated from the relative viscosity, η rel ≈ ν/ν 0 ≈ t/t 0 , within range of 1.1 -1.9, where ν and ν 0 are the cinematic viscosities of polymer solution and solvent, respectively. The t and t 0 are flow times of solution and solvent, respectively. Therefore, η rel was calculated from t/t 0 ratio. The specific viscosity (η sp = η rel -1) and the reduced viscosity (η red = η sp /C), where C is the concentration of the solution (0.6 g/dL), were calculated as well. The intrinsic viscosity [η] was determined by the Solomon-Ciuta equation 18 :
The viscosity average molar mass (M v ) was calculated from the corresponding [η] values through the Mark-Houwink equation 19 using Equation 1.
where K and a are 6. 
Irradiation of samples
PMMA-control and PMMA/PbS-NP films were exposed to gamma radiation from a 60 Co source (dose rate of 6.13 kGy/h) at dose of 25 kGy in air at room temperature for radiation resistance study.
Radical scavenging action of PbS-NP
The 2,2-diphenyl-1-(2,4,6-trinitrophenyl)-hydrazyl radical (DPPH) solution (0.0024g of the DPPH in the 100 mL ethanol) was mixed with appropriate amount of PbS-NP under vigorous stirring at room temperature for 30 min. The absorbance at 515 nm was measured against a blank of pure ethanol after the reaction in a UV-vis spectrophotometer (Spectro 22, 108-D and 60 Hz). Radical DPPH scavenging capacity (%SC) of PbS-NP was estimated by subtracting blank absorbance, according to Equation 3 .
Where A s = DPPH ethanol solution absorbance and A sn = DPPH solution absorbance for system with PbS-NP. All tests were conducted in triplicate. The values obtained from PbS-NP were compared with the Butylated hydroxytoluene (BHT) (control standard).
FT-IR characterization
The infrared spectra of PMMA-control and PMMA/ PbS-NP films were obtained by Fourier Transform Infrared Spectroscopy (FT-IR) with Bruker-IFS66 equipment in transmittance mode, 4000-400 cm -1 wavenumber region, 75 scans with 4 cm -1 resolution, on KBr pellets.
Optical, mechanical and thermal properties
The refractive indexes (RI) of the film with thickness 0.12±0.01 mm were measured with an Abbe's refractometer at 25 °C with 1-Bromonaphtalene as solvent. The measurements were carried out for four samples.
The tensile properties of the films were determined according to ASTM D-882 using an Instron machine EMIC, DL-500 N. The crosshead speed was 10 mm/min. The tests were carried out at room temperature and the results shown in this study are an average of four samples.
Thermogravimetric analyses were performed in a TGA-50 Schimadzu Thermoanalyzer, heating rate 10 °C/min in nitrogen atmosphere (10 mL/min). DTG results were obtained by taking the derivative of the ratio of the sample weight, W, in a given temperature to the initial weight, W o , taken with respect time, d(W/W o )/dt.
Results and Discussion
PbS-NP characterization
Among the advantages of the preparation of sulfide particles by sonochemical method are: uniform distribution dispersion of the nanoparticles, a marginally higher surface area, better thermal stability, and phase purity 6 . PbS-NP were obtained by the sonochemical method proposed in this study. The synthesis was carried out within 30 min of the sonication in ethanol, at room temperature. Two main effects in PbS-NP synthesis can be attributed to ultrasound irradiation. The first effect is favoring dissolution of thioacetamide and formation of sulfide ion -, thus accelerating the reaction, and the second is preventing the aggregation of the nanoparticles. During the sonication, bubble collapsing in the liquid medium resulted in an enormous concentration of energy from the conversion of kinetic energy of the liquid motion into heating of the bubble content. The high local temperature and pressure provide favorable conditions for driving the decomposition of the Pb/thioacetamide complex, giving rise to the formation of sulfides 21 . This fast and simple method allowed the production of PbS-NP as can be seen in DRX and SEM results.
The Figures 1 show the DRX patterns and all peaks can be indexed as cubic phase with obvious (111), (220) and (311) crystal planes (JCPDS n° 5-592). In spite of been a commercially available product, the burden of the lab preparation of this sulfide is rewarding, since sonochemically prepared PbS powders are more uniform in size than those commercially available 9 . From the SEM image shown in Figure 2 , it can be seen that the PbS consists of aggregated nanoparticles, whose size was found in the range of 50-100 nm. Since crystalline PbS powder was obtained we propose that the formation of this particle probably occurs in the interfacial region between the cavitation bubbles and the surround bulk solution. Though the temperature in the interfacial region is much lower than interior of the collapsing bubbles, it is still high enough to rupture chemical bonds and induce a variety of reactions and formation of crystalline products 21, 22, 23 .
Radio-stabilizing action of PbS-NP in PMMA
Gamma irradiated PMMA exhibited lower M v values then unirradiated PMMA and the degradation index (DI) was found to be 0.383 (see Table 1 ), which characterizes the main chain scission effect. This result agrees with literature reports on the effect of gamma radiation on PMMA matrix 12, 17 . During PMMA irradiation, both electronic excitation and ionization processes produces excited atoms and ions which lead to the release of side groups like CH 3 OOC• and main chain scissions 12, 14 . It was reported that initial side-chain scissions generate macro radicals that further undergo main chain scissions 12, 19 and is the basic reason for the radiation-induced degradation of PMMA. In air, the macro radical undergoes chain oxidation process forming peroxyl radical subsequently it can abstract hydrogen from PMMA chains to form hydroperoxides. Then the hydroperoxides decomposes slowly, but steadily at room temperature to generate new oxidative products, inducing further degradation. In addition, it is believed that macro radical, peroxyl radical, and hydroperoxides are the main substances responsible for changes in properties of gamma irradiated PMMA. For radiation resistance study the Figure 3 shows M v for the PMMA-control and PMMA/PbS-NP before and after irradiation. The data revealed the decrease in the M v for both systems and it is expected, because, when already discussed, the main chain scission is the principal effect of the gamma radiation in the PMMA molecules. However the decrease in chain scissions occurred in PMMA/PbS-NP films, in special at 0.30 wt% of PbS concentration. In this concentration the M v value not undergoes changes after gamma irradiation. These data represent a decrease of 100% in scissions per original molecule of PMMA, evidencing an effective radiolytic stabilization of PMMA matrix owed to the presence of PbS-NP.
In addition, the concentration of PbS-NP in polymer matrix has an important role in the radiolytic stabilization. The Table 1 shown the DI calculated for all concentrations of PbS studied and a decrease of the PbS-NP stabilizing action was observed with the increase of nanoparticles concentration in the PMMA matrix. A probable explanation is a complex reactions can were catalyzed by nanoparticles, which can promotes PMMA degradation when it is present in higher concentrations 24, 25 . To the best of our knowledge, no information about the use of PbS-NP in radiolytic stabilization of polymers has been published so far. Consequently, its mechanism of action has not been elucidated yet. However, some inferences of possible reactions under gamma irradiation may be done. Radical species formed during auto-oxidation on air-irradiated PMMA are peroxyl macroradicals. An effective inhibitor is required to interrupt this formation process. The efficiency of certain compounds in the stabilization of polymer molecules against radiation may be inferred by measuring the effect of these compounds on the radical population after irradiation, as well as on its rate of decay. A feasible mechanism of PMMA radio-stabilization could attribute radical scavenging characteristics to PbS-NP in the specific concentration. In this way, a suitable compound to assess such capability is DPPH, an artificial stable radical. Thus, the DPPH radical scavenging assay presents itself as a test of prediction of the antioxidant potential activity. The assay is based on the DPPH property of presenting a strong absorption at visible spectrum in 515 nm, characterized by an intense violet coloration, due to the presence of unpaired electrons. The absorbance obtained for DPPH solution in this study is 1.37 ±0.04. When in the presence of substances capable of scavenging radicals, DPPH absorption is inhibited, leading to a stoichiometric discoloration in relation to the number of DPPH reduced molecules. The degree of discoloration is directly correlated with the radical scavenging activity of the evaluated substance 26 . For test our radical scavenging hypothesis, we performed DPPH assay in PbS-NP solutions. Our results revealed that PbS-NP, in the amount of 0.0054g (equivalent to concentration of 0.3 wt% in PMMA matrix) have radical scavenging action, with 64% of radical capture, thus explaining their radiolytic stabilizing action on PMMA matrix. Probably, DPPH radical abstracts one electron from the sulfur atom and oxidizes it to the short-lived radical R . , which reacts with DPPH in the same way shown in Scheme 1, yielding the final derivative of DPPH 27, 28 . This result is compared with BHT (same amount, i.e., 0.0054g), which have around 99% of radical capture. Table 2 shows the results obtained by use of PbS-NP as a radical scavenger on DPPH solution.
The results obtained by DPPH tests are satisfactory considering the small amount of PbS-NP added to the system. Thus, the nanoparticles used in this study may be considered as an additive with stabilizing action on PMMA molecules. We assumed the radical scavenging action to be the main role of PbS-NP on the films of PMMA, but further work is required to a better understanding of the overall radiostabilizing process involving PbS-NP in PMMA matrix.
PMMA/PbS-NP films characterization
In this study we choice a film casting in which PbS-NP were dissolved in a PMMA-MEK solution forming films upon evaporation of the solvent. The film casting method is widely used due to its simplicity and results in the formation of homogeneous films. Figure 4 shows SEM images of PMMA/ PbS-NP (unirradiated) at 0.3 wt% concentration exhibiting a nanoparticles distribution. The surface morphology of the PMMA/PbS-NP shows some aggregates nanoparticles or chunks randomly distributed in the film. The results indicate that the PbS-NP tended to form aggregates that were dispersed into the PMMA matrix. PbS particle size allows a more homogeneous distribution (see Figure 2 ) of a PMMA/PbS-NP material and leads to a drastic increase of the polymer-nanoparticle interfacial area due to the high specific surface area of nanoparticles. This may induce aggregation of the nanoparticles to energetically stabilize PMMA/PbS-NP system, thus lowering the homogeneity of particle distribution. In addition, the SEM image of irradiated film presented similar behavior than Figure 4 and not are shown in this paper.
The distribution of PbS (0.3 wt%) in the PMMA matrix is an important factor for PMMA/PbS-NP application, however the interactions between the nanoparticles and polymer molecules play an important role for its properties. The FT-IR spectra of PMMA-control and PMMA/PbS-NP are shown in Figure 5 and show the main expected bands characterizing the vibration spectrum of PMMA [29] . In the PMMA spectrum the two bands at 3000 cm −1 and 2960 cm
can be assigned to the C-H bond stretching vibrations of the -CH 3 and -CH 2 -groups, respectively. The band at 1731 cm −1 shows the presence of the acrylate carboxyl group. The two bands at 1387 cm −1 and 755 cm −1 can be attributed to the α-methyl group vibrations. The band at 1443 cm −1 can be attributed to the bending vibration of the C-H bonds of the -CH 3 group. There is a distinct absorption band from 1145 cm −1 to 1271 cm
, which can be attributed to the C-O-C stretching vibration. The band at 987 cm −1 is the characteristic absorption vibration of PMMA, together with the bands at 1062 cm −1 and 843 cm −1
. Interaction between polymer and nanoparticles may shift the polymer cage peak frequencies. FT-IR technique is would be sensitive both in situations where interactions has occurred in crystalline or amorphous phase 29 . In the PMMA/ PbS-NP spectrum the peaks of pure PMMA at 1731cm −1 are shifted to 1726cm −1 and changes such as broadening of the C=O and C-O-C peaks and the decrease of their intensities can also be observed. These results mean that the predicted interactions between PMMA and PbS-NP have indeed taken place. Thus, the adsorption of PbS-NP on PMMA molecules occurs near to carbonyl group 30, 31 , probably between the Pb atom in PbS-NP and the oxygen atom in PMMA molecule.
Ours conclusion about interaction of PMMA and PbS-NP may be reinforced by viscosity analysis. There is a direct relationship between M v value and the intrinsic viscosity (see Equation 2 ). For example, the increase in M v value means an increase in intrinsic viscosity 14, 16, 32 . The Figure 3 showed a decrease of M v of PMMA/PbS-NP when compared to M v of PMMA-control for both irradiated and unirradiated films. The decrease in intrinsic viscosity showed in unirradiated films indicates the contraction of the PMMA coil in solution, most probably due interactions between Pb atom and two or more carbonyl group, which have binding site and have dipole-dipole interaction and cause coiling of molecule. The shrunken compact coil of PMMA and PbS-NP can easily pass through the capillary of viscometer compared to polymer in absent of nanoparticles and thus a decrease in viscosity occurs. Thus, the results about interactions between PbS-NP and PMMA discussed from viscosity analyses agree with FT-IR results.
Mechanical and optical properties
PMMA systems were gamma irradiated and changes were investigated in order to analyze the irradiation and PbS-NP (0.3 wt%) effects on mechanical properties of polymer systems. The results of elongation at break (Eb) and Young's modulus (Ym) mechanical tests for PMMA and PMMA/PbS-NP are summarized in Table 3 . The results showed decrease in Young's modulus values of PMMA/PbS-NP as compared to the control PMMA for unirradiated systems. This result means a decrease in rigidity of the PMMA and consequently explains the increase of 6% on Eb value of PMMA/Pb-NP. Thus, the PbS nanoparticles act as a plasticizer in the PMMA molecule. Since interactions between PMMA matrix and PbS-NP were found in the FT-IR and viscosity analysis, these interactions can cause increase of mobility of the polymers molecules giving them the plasticizing effect 30, 33 . The changes in properties of irradiated samples may be attributed to the radiation-induced oxidative degradation of the PMMA molecules. For the films of PMMA irradiated was found a decrease of 42.5% in Ym value with consequent increase in Eb value. The chain scission effect obtained by gamma irradiation (Figure 3 ) provokes the decrease of average length of PMMA molecule. The density of entanglements points decreases leading to a decrease of the Ym value as consequence of PMMA radiolytic degradation. The lower molecular weight also makes fibrils less stable and therefore favors brittle fracture 33 . On the other hand, no significant changes of Ym and Eb values were found for irradiated PMMA/PbS-NP. These results are in accordance with the radio-stabilizing action of PbS-NP evidenced by viscosity analysis.
On the other hand, the optical property of PMMA also undergoes changes with the PbS-NP presence. Optical applications of polymers are often limited due to the relatively narrow range of the refractive index (RI) for high RI polymer nanocomposites, where the RI found is above 1.5. The RI values of most commercial polymers are typically around 1.3, while inorganic materials as PbS can possess RI above 3 11 . The RI found for PMMA-control and PMMA/PbS-NP films are shown in Figure 6 . The RI of PMMA-control, for example, is found 1.4911 while 1.5045 is the RI for PMMA/ PbS-NP at 0.6 wt% concentration, for example. Thus, the introduction of PbS-NP nanoparticles into a PMMA matrix can result in polymeric nanocomposites with higher RI. The irradiation provokes a slight decrease in the RI of PMMAcontrol probably by presence of trapped radicals formed from polymer degradation. These radicals are color centers that absorb light in the ultraviolet and visible range 12, 13, 14 . Some of the radicals are quenched after irradiation by annealing reactions with oxygen that diffuses into the matrix. However this effect is minimized by PbS-NP presence and its radical scavenger action may be an acceptable explication.
Thermogravimetric analysis of PMMA/PbS-NP films
Ours previously study 15 showed that the PMMA in study contains a double bond in the end group, which is formed through radical polymerization of PMMA 34, 35 . In general, under inert atmosphere, thermal degradation of double bond-terminated PMMA (PMMA=) prepared by radical polymerization exhibits four main weight losses events, corresponding to four degradation stages 34, 35, 36 . The first stage corresponds to the degradation initiated by radical transfer to the unsaturated chain end; the second and third stages result from the homolytic scission of the chain due to headto-head bonds and degradation initiated by radical transfer to the unsaturated chain end; the fourth stage corresponds to random scissions 15 . TGA thermograms of PMMA and PMMA/PbS-NP (0.3 wt%) are shown in Figure 7a for unirradiated systems. TG curves obtained for PMMA and PMMA/PbS-NP samples were found in a single step of thermal decomposition, i.e, the addition of PbS-NP does not cause changes in the polymer thermal behavior. Figure 7a shows a great thermal stabilization of PMMA/PbS-NP system because the incorporation of the PbS-NP shifts TGA curves to higher temperatures. We found an increase of 46 °C and 49 °C in the T 50 and T m , respectively of PMMA/PbS-NP films (see Table 4 ).
FT-IR ( Figure 5 ) and viscosity results showed that some interactions between PMMA and PbS-NP might exist. These interactions might exist at specific discrete locations where the carbonyl group of PMMA molecule interacts with nanoparticles. Thus the interactions increase the mobility of polymers molecules (discussed for mechanical properties), but change the mobility of the ester group. This group favors the radical transfer to the unsaturated chain and facilitates the scission of the PMMA=. The decrease in the mobility of ester group due it interaction with PbS-NP may explained the stabilizer action of PbS-NP.
TGA thermograms of irradiated PMMA-control and PMMA/PbS-NP are shown in Figure 7b . Films irradiated also showed a single step of thermal decomposition and exhibited smaller T 50 and T m temperatures than unirradiated samples (see Table 4 ), probably owed to radiolytic degradation of the films. When PMMA and PMMA/PbS-NP films are gamma irradiated, they undergo chains scissions. In this way, radiolysis products may play an important role in the acceleration of thermal degradation of PMMA molecules. However, we also found an increase of 47 °C and 45 °C in the T 50 and T m , respectively of PMMA/PbS-NP gamma irradiated. Thus, the thermal stabilization action of PbS-NP is also significant in irradiated systems.
In general, a comparison between irradiated and unirradiated systems showed that irradiation caused decrease in T 50 of 2% for PMMA-control and only around 1% for PMMA/PbS-NP. Such findings corroborate the radiolytic stabilization action PbS-NP in the PMMA matrix.
Conclusion
The PbS-NP were synthesized through sonochemical method as nanocrystalline powder. The dispersion of these nanoparticles in PMMA matrix at low concentration (0.3 wt%) resulted 100% stabilization of polymer degradation. DPPH tests evidenced that PbS-NP act as radical scavengers, suggesting this mechanism as the most probable way of its stabilizing effect. Intrinsic viscosity and FT-IR spectra of PMMA films containing PbS-NP indicated interactions between these two components specifically near of carbonyl group of PMMA. Such interactions might favor the improvement of mechanical and thermal properties of PMMA/PbS-NP system. In addition, the introduction of PbS-NP nanoparticles into a PMMA matrix can result in polymeric nanocomposites with higher refractive index. These results are opening pathways for engineering flexible polymer-inorganic mixture that exhibit advantageous optical, thermal and mechanical properties with radiation resistance.
